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Abstract 
 The centrosymmetric materials with hidden spin polarization are considered to be the 
promising candidates for realization of energy efficient spintronics systems and devices. However, 
the control of hidden spin polarization and resulting transport behavior is not well understood. We 
hypothesized that inhomogeneous strain can be the external knob to study and control hidden spin 
polarization. In this work, we demonstrate a strain gradient mediated symmetry breaking to 
discover the hidden spin polarization in centrosymmetric Si lattice.  The hidden spin polarization 
gives rise to magnetocrystalline anisotropy and local magnetic moment along <111> directions in 
the Si. The local magnetic moment gives rise to spin-acoustic phonon coupling, which is the 
underlying cause of observed spin-Hall effect in both n-Si and p-Si. Discovery of hidden magnetic 
moment in Si not only challenges the fundamental understanding of the origin of the magnetism 
but also presents a giant leap in realization of spintronics systems. 
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 Discovery of hidden spin polarization in centrosymmetric materials1, 2, 3 have given the 
new dimension to spintronics materials research. The hidden Rashba and Dresselhaus spin splitting 
arise due to site (local) asymmetries instead of global asymmetry. The predicted hidden spin 
polarization has been experimentally reported for a number of centosymmetric materials using 
spectroscopy techniques. However, spectroscopy techniques cannot elucidate the consequences of 
hidden spin polarization on transport behavior, which is essential for the device applications. To 
overcome current experimental shortcomings, we hypothesized that strain gradient can be used to 
break the symmetry and uncover the hidden spin polarization across all the centrosymmetric 
materials irrespective of the kind (Rashba or Dresselhaus) of spin splitting. Recently, Strain 
gradient has been used to induce large spin-Hall effect(SHE)4 and spin-Seebeck effect5, 6 in Si. 
Similarly, Wang et al.7 reported large flexoelectric effect from charge separation due to strain 
gradient. These studies showed the potential for using the strain gradient as a tool. We chose Si to 
experimentally demonstrate our proposal since Zhang et al.1 has already predicted hidden 
Dresselhaus spin splitting in Si. Si is the premier materials in semiconductor electronics and 
experimental discovery of hidden spin polarization in Si can make the Si spintronics a reality. In 
this work, we present the first experimental evidence of hidden spin polarization and magnetic 
moment along the <111> tetrahedral bonding directions in diamond cubic Si lattice. The spin is 
found to be coupled to longitudinal acoustic phonons, which give rise to phonon skew scattering 
and spin-Hall effect. 
To uncover the hidden spin polarization in Si, we fabricated an experimental setup having 
a freestanding p-Si sample as shown in Figure 1 (a) and Supplementary Figure S1. The residual 
stresses in the p-Si layer are expected to be small. To induce large strain gradient, we deposited 
1.8 nm of MgO and 25 nm Pt on top of p-Si layer. The melting point of Pt is very high as compared 
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to Si and thin film deposition using e-beam evaporation will lead to large residual thermal 
mismatch stresses. These stresses would cause the buckling of the composite sample and as a 
consequence strain gradient as well as flexoelectric polarization would arise in p-Si as shown in 
Figure 1 (b). Recently, similar strategy was used by Lou et al. 4 to demonstrate the strain gradient 
mediated spin-Hall effect in Si. It is noted that other experimental techniques 7 can lead to larger 
strain gradient but this experimental setup allowed us to study temperature dependent magneto-
transport behavior. The resistivity of the Pt and p-Si layers were 2.2×10-7 Wm and 1.43×10-5 W-m, 
respectively. In this bilayer (effectively) configuration, approximately 55.76% of the current will 
pass through the p-Si layer. First, we measured the resistance of the composite sample as a function 
of temperature as shown in Figure 1 (c) to characterize the composite sample. The Pt layer is 
metallic and highly doped p-Si layer also showed metal like behavior8. However, the composite 
sample showed a complex resistance behavior as a function of temperature. To understand the 
resistance behavior as well as to uncover the hidden polarization, we measured the angle dependent 
transverse and longitudinal resistance as a function of constant magnetic field and temperature. 
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Figure 1. (a) a representative scanning electron micrograph showing the structure of sample and 
measurement scheme for longitudinal and transverse responses, (b) the schematic showing the 
buckled thin film structure due to residual stresses (thermal mismatch) and giving rise to 
flexoelectric (FE) field at the interface, (c) the longitudinal resistance measurement as a function 
of temperature, and (d) angle dependent transverse resistance as a function of magnetic field (1 T) 
and temperature (300 K and 200 K) showing the sign reversal of Hall resistance, and (e) the 
expected band structure in the sample due to flexoelectric effect that gives rise to sign reversal of 
Hall resistance. 
 6 
The angle dependent transverse resistance was negative at 300 K corresponding to the 
electrons as the charge carrier as shown in Figure 1 (d). However, at 200 K, the angle dependent 
transverse resistance exhibited a sign reversal as shown in Figure 1 (d), which indicated a hole 
mediated charge transport. Since, Pt and p-Si thin films have electron and holes as charge carriers, 
respectively, a sign change could occur because of their relative contributions to Hall resistance. 
However, the charge carrier concentration was measured to be 9.09´1020 cm-3 and 4.88´1021 cm-3 
at 300 K and 200 K, respectively, which was two orders of magnitude larger than carrier 
concentration in p-Si (~4´1019 cm-3). Hence, the sign reversal of Hall resistance could only come 
from Pt layer. The change in charge transport from electrons to holes in Pt layer could only arise 
from the changes in the Fermi energy and band structure. We hypothesized that strain gradient in 
p-Si layer led to large flexoelectric polarization, which acted as a gate bias and changed the Fermi 
level in Pt layer, as shown in Figure 1 (e), causing transition to hole mediated charge transport. 
Our explanation of the observed behavior is supported by recent report from Wang et al.7 that 
showed flexoelectric polarization mediated reverse and forward bias in metal-oxide-
semiconductor (n-Si and p-Si) system. In addition, Liang et al.9 showed a positive Hall resistance 
at 160 K in 2.7 nm thick Pt sample having liquid ion gating of 4 V. In our composite sample, the 
strain gradient would increase as the temperature was reduced due to increased thermal mismatch 
stresses and as a consequence a strong flexoelectric polarization at the interface would change the 
charge transport in Pt from electron to hole. Based on resistance measurement presented in Figure 
1 (c), the charge transport in Pt was expected to transition from electrons to holes at temperature 
lower than ~250 K. This measurement demonstrated that strain gradient could break the inversion 
symmetry. It is noted that broken inversion symmetry could be verified using the non-reciprocal 
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transport, which appear as second harmonic response. We observed a large second harmonic 
response but it will not be discussed in this letter. 
 
Figure 2.  The angle dependent magnetoresistance as a function of constant magnetic field of 4 T 
and 8 T at (a) 300 K and (b) 200 K in the zy-plane. (c) The primary crystallographic directions 
(red color) in zy- or (110) plane in the Si sample observed in the measurement and direction of 
current and stress (blue color), (d) the Si sample structure showing the strain gradient in the two (11#1#) planes and (e) a schematic showing the strain gradient mediated asymmetry in deformed 
{111} planes.  
 Then, we measured the angle dependent resistance as a function of magnetic field in the 
zy-plane where field was always perpendicular to the direction of current. We found a relatively 
large MR (12.7 %) at 300 K when the magnetic field was 8 T as shown in Supplementary Figure 
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S2. However, the MR reduced significantly and almost disappeared as the temperature is reduced 
to 5 K as shown in Supplementary Figure S2. The large MR was expected to arise due to hidden 
spin polarization. To verify it, we subtracted the offset resistance and analyzed the angle dependent 
MR (ADMR). At 300 K, the ADMR response showed positive and negative MR responses when 
the magnetic field of 4 T was aligned along certain directions as shown in Figure 2 (a). This ADMR 
response increased and direction dependent angular modulations also became prominent when the 
magnetic field was increased to 8 T. At 200 K, the ADMR response increased but direction 
dependent behavior became more complex. It is noted that direction dependent behavior was not 
clearly visible at an applied magnetic field of 1 T as shown in Supplementary Figure S3. The polar 
anisotropy plots for the ADMR responses are shown in Supplementary Figure S4. 
 In order to understand the direction dependent behavior, we analyzed the angles in the 
ADMR measurement and identified the corresponding crystallographic direction of the Si lattice. 
The cross-section of the Si sample could be represented by the (110) plane and the vertical 
direction (z-axis) can be identified as [001] as shown in Figure 2 (c). As a consequence, the [11#1] 
and [11#1#] directions will have an angle of ~54.7° with [001] and [001#] directions along clockwise 
and anticlockwise rotations, respectively. The negative MR was largest when magnetic field was 
pointed along these directions for both 300 K and 200 K. However, the negative MR was 
significantly reduced when the magnetic field was pointed anti-parallel to these directions or along 
the [1#11#] and [1#11] directions as shown in Figure 2 (a,b). We also observed negative and positive 
MR corresponding to [11#0] and [1#10] directions, respectively, at 300 K. Similar modulation was 
observed in case of [11#2#] and [1#12] directions as well, respectively, at 200 K. The observation of 
crystallographic direction dependent behavior meant that a local magnetic moment existed in the 
Si that was preferentially aligned along the [1#11#] and [1#11] directions at 300 K but had component 
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on other directions as well. Similarly, at 200 K, the directionality of local magnetic moment was 
along [1#11#] and [11#1] directions, which are antiparallel to each other. This ADMR behavior can 
be termed as anisotropic magnetoresistance (AMR) except Si is not expected to have any magnetic 
moment. Hence, this observed behavior was expected to arise due to hidden spin polarization. 
 Zhang et al. 1 hypothesized the hidden Dresselhaus type spin polarization using the local 
asymmetry of tetrahedron. To explain our results, we analyzed the structure of unit cell in the real 
space instead of reciprocal space. In our experiment, the applied stress/strain was along the [110] 
direction whereas the strain gradient was along the [001] direction. When viewed along [110] 
direction, the Si lattice will have (11#1) and (11#1#) planes experiencing the applied strain gradient. 
If we take the case of (11#1#) plane, there will be two primary parallel planes in each unit cell as 
shown in Figure 2 (d). However, these two planes are inversion counterparts. In our sample 
structure, strain gradient will deform these two (11#1#) planes differently because vertex in left/right 
plane experiences tensile/compressive stress, respectively, as shown schematically in Figure 2 (e). 
Hence, spin counterparts along [1#11#] and [11#1] directions will not cancel each other and will give 
rise to net spin magnetic moment along these directions. Similar symmetry breaking and local spin 
magnetic moment will also occur in (11#1), (11#0) and (11#2#) planes since we have also observed 
local spin magnetic moment along the corresponding directions. However, the {111} planes have 
the highest packing density (though not close packed) and the < 111 > family of directions in 
diamond cubic Si also represent the direction of tetrahedral bonding. This was the underlying 
reason that hidden spin was preferentially coupled to the < 111 > directions in our experiments. 
It also meant that the tetrahedral bond stretching and contraction would also be affected due to 
strain gradient mediated asymmetry. Hence, the hidden spin magnetic moment coupled to the 
acoustic phonons and gave rise to spin-phonon coupling10. This assertion was supported by the 
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changes in the MR behavior and disappearance of the spin dependent anisotropy at temperatures 
below 100 K. 
 
Figure 3. The ADMR response in zy-plane at 4 T magnetic field and as a function of temperature 
showing the changes in SMR behavior in (a) Py/p-Si sample and (b) Py/n-Si sample. (c) Schematic 
showing the expected hidden spin polarization along <111> directions that caused phonon skew 
scattering and resulting transverse spin current in the Si.  
The coupling of local magnetic moment due to hidden spin polarization and acoustic 
phonons was expected to give rise to local chiral spin fluctuations11, 12 due to the non-colinear spin 
configuration. The spin fluctuations have been proposed to give rise to transverse spin current13 
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and as a consequence SHE like behavior might arise. The SHE in Si has already been reported 
using spin-Hall magnetoresistance (SMR) measurements. However, the SHE should reduce when 
the temperature is reduced and should disappear at 100 K and below since the behavior would 
arise due to spin-acoustic phonon coupling. We used SMR measurement as a function of 
temperature to verify our argument. The experimental setup was similar to the one used by Lou et 
al4. We used p-Si and n-Si devices with Ni80Fe20 (Py) as ferromagnetic spin source to measure the 
SMR response at 4 T magnetic field and as a function of temperature. Similar to Pt thin film, the 
residual stresses due to Py should also induce strain gradient and break the inversion symmetry in 
Si. At 300 K, the ADMR response in zy-plane included SMR (−sin1 𝜃 symmetry) from Si layer 
and AMR (+sin1 𝜃 symmetry) from Py layer as shown in Figure 3 (a,b). But, the SMR behavior 
disappeared at 200 K in the p-Si sample as shown in Figure 3 (a). Whereas, the magnitude of the 
SMR response reduced at 200 K and then disappeared at 100 K in the n-Si sample as shown in 
Figure 3 (b). At lower temperatures, only AMR response from Py remained. The SMR 
measurements supported that acoustic phonon mediated spin-phonon coupling behavior was the 
underlying cause of large SMR in Py/Si composite samples. A further analysis of the 
crystallography in Si tetrahedron suggested magnetic moment pointed outwards from the center of 
tetrahedron in [11#1#] direction and pointed inwards along the [1#11#] direction as shown in Figure 
3 (c). Based on this information, we propose that local magnetic moment coupled to acoustic 
phonons gave rise to phonon skew scattering and transverse spin current, which gave rise to SHE 
and SMR behavior. The phonon skew scattering behavior was supported by the reduction in the 
magnitude of SMR as the temperature was reduced14. This SMR measurement also showed that 
MR behavior in Pt/p-Si devices did not arise due to Pt layer. 
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The experimental measurements presented in this study showed the first proof of hidden 
spin polarization and resulting magnetic moment in Si. We also demonstrated that strain gradient 
can be used as a tool to break the inversion symmetry and control the hidden spin polarization. 
The technology of the strain engineering of the semiconductor materials is well developed and can 
be used for spintronics as well. Our work challenges the current scientific understanding in 
magnetic and spintronics materials research. For example, the strain gradient mediated asymmetry 
can induce local spin magnetic moment, which can give rise to spin-spin interactions and 
correlated electron behavior. These experimental results can provide an alternate pathway for 
topological materials and correlated electron/spin systems. 
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Supplementary Materials- Hidden spin polarization mediated magnetic moment in Si 
 
S1. Fabrication details 
 The devices were made using micro/nano fabrication methods. The sample and electrodes 
were patterned using photolithography. The device layer Si (wafer resistivity- 0.001-0.005 W-cm) 
was then etching using deep reactive ion etching (DRIE). The samples are then made freestanding 
using the hydrofluoric acid (HF) vapor etch as shown in Supplementary Figure S1. The HF vapor 
would etch the SiO2 underneath the patterned sample. Using optical microscope, the HF vapor etch 
was stopped once the undercut in the oxide was sufficient to make the sample freestanding. Then, 
the MgO layer was deposited using RF magnetron sputtering system. The metal layer (Pt or Py) 
were deposited using e-beam evaporation. The e-beam evaporation is used since it gave a line of 
sight deposition as well as large residual stresses. In case of Py layer, we also deposited 1 nm of 
Pd to protect the Py layer from oxidation. 
 
Supplementary Figure S1. (a) A scanning electron micrograph showing the freestanding nature of 
the sample (reflection). The oxide layer underneath the sample area is etched using HF vapor etch. 
(b) An optical micrograph showing the etch contrast in the freestanding sample area and undercut 
at electrodes and connecting arms. The undercut in oxide layer is essential for making the sample 
freestanding.  
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S2. Additional Figures 
  
Supplementary Figure S2. The angle dependent longitudinal resistance as a function of constant 
magnetic field of 1 T, 4 T and 8 T at 300 K, 200 K, 100 K and 5 K. 
 
 16 
 
Supplementary Figure S3. The angle dependent longitudinal resistance at 300 K and 1 T magnetic 
field showing weak direction dependent behavior. 
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Supplementary Figure S4. The polar anisotropy plot showing the ADMR behavior at 300 K, 200 
K, 100 K and 5 K. 
 
 
 
